One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals' . This session contained talks on the characterization of hydrogen-enhanced corrosion of steels and nickelbased alloys, emphasizing the different observations across length scales, from atomic-scale spectrographic to macro-scale fractographic examinations.
Question 1

Mick Brown
I wonder if you have views on the use of palladium, perhaps other transition metals, as storage vehicles for hydrogen, for various uses?
Mary Ryan
I think it's likely. I think it's expensive. If you want to go to full scale, then using something like palladium is probably going to be prohibitive but I think it's a nice system to try and understand, really, that transport of hydrogen, and really surface access, because it's a system that does it so readily. So I think in terms of use, it's probably more likely in sensors than in storage, just because of the cost issues.
Question 2
Reiner Kirchheim I assume you have not measured hydrogen concentration in these palladium clusters. We did so simply by ..
. (interrupted)
Mary Ryan I know you did lots of that, we referenced all your work in our paper and I think you're right, but some people did it after us on these clusters and it maps with the transition. I think, if you're just measuring the concentration isotherm, you're not necessarily seeing this thing.
Reiner Kirchheim
You see the change in lattice parameters due to different concentrations.
Mary Ryan
I think one of the things I didn't really talk about was the difference you see in a lot of the work on nanoclusters that have used materials that have got some kind of surfactant shell, or a protective shell, or in a matrix, and these samples that we used were evaporated cluster assembled so they're naked, and we dropped them in as non-interacting a substrate as we could, which is a silicon oxide surface and there is not very much interaction there, so we're trying to have as pure a bare sample as we can but we need to support it in some way.
Reiner Kirchheim That makes a difference. Even if you have different surfactants it changes ... (interrupted)
Mary Ryan A lot of the literature has got different coatings. 
Question 3
Reiner Kirchheim
For the smallest one, 1.7 nanometres was the diameter or the radius?
Mary Ryan Diameter
Reiner Kirchheim
Did you have indications for changes to icosahedral structure? Because we had some indications ... (interrupted)
Mary Ryan
There were some indications around about that. We did do some high resolution TEM [transmission electron microscopy] of these clusters. Around about there, I think it's a little bit smaller, it starts to change. That was the smallest that we could believe was not doing that. But I think that's even a little bit on the edge so there may be a little bit of an effect at that size.
Question 4
Afrooz Barnoush So, regarding your in-situ electrochemical cell that you use for studying these nanoclusters and scanning X-ray, do you see any possibility, given you have the opportunity to control the electrochemistry, like in situ hydrogen charging and looking at, for example, the hydrogen effect on lattice residual stresses?
Mary Ryan
Yes, I think there is a potential to do that, and it depends on how you're doing the experiment. So, if you can in this thin cell, where you've got transmission, that would be difficult because if you do electrochemical hydrogen charging you generate a lot of gas, and that's going to make it difficult. But if you have a cell, and we have done this in other experiments, where you have a window here, and a thin sample, a very thin sample, we can come in and out and have your detector. So you can basically do it in reflection geometry and you can have a bulk electrolyte on this side. So those experiments are possible and for that kind of charging, much easier. If you're not in transmission for spectroscopy then you get some complications in the measurements. But for some of the systems we want to look at, yes, you can do it, you just have to think carefully about how you design it and where you put your detectors, but it is possible to do that, and it's been done.
Afrooz Barnoush
What kind of information then, can you get from such a test?
Mary Ryan
Well, it's one of the questions we were talking about yesterday. You don't see the hydrogen, you see the effect of hydrogen. We don't know what the hydrogen is doing, is it going in and coming out and leaving everything as it was? Has it come and gone and nothing has happened? Is it perturbing the structure? You might see some slight shifts if you did very careful EXAFS [extended X-ray absorption fine structure], I think, in the local coordination, but I think you'd need a lot of hydrogen to start to perturb the structure, but you might see it. And then of course, you could see if that change is permanent if you take the hydrogen back out again. Does the lattice go back to where it was or do you see some permanent changes? But any of these that operate at this sensitivity and this resolution, you can't directly see the hydrogen.
Question 5
Susan Grayeff
The 
Mary Ryan
So, in these samples, the size is really important and there's a lot of work from our lab and lots of other labs about the importance of particle size in nanotoxicity. So there's a lot of work in that space-is there a critical size at which cells can't engulf a particle? And there are sizes, and shape makes a difference, so if you've got a carbon nanotube or a silver nanowire that's different to a buckminsterfullerene or a silver nanoparticle in terms of how a cell interacts with it and the mechanical aspects of it. What we see in the tissue is there doesn't seem to be any kind of size dependence separation, we see lots of the size of the particles quite widely spread and actually transported further than we would have expected, and they are found in other organs of the body, and there's an enormous amount of metal ions that are released. So the tissue that I showed you from that patient, she has the world record for the highest amount of metal ions in the blood whilst staying alive, so its an enormous near-toxic dose of metal ions that's released from this huge number of particles.
Question 6
Alan Sturt Presumably, engineering polymers don't form nanoparticles during wear or do they? What about ceramics ... (interrupted)
Mary Ryan
Well they do, and I'm looking at the man sitting in front of you, Trevor [Lindley], because I think he knows a lot more about wear of polymeric implants than I do, but yes, they do. Polymeric implants also form particles, not necessarily as small as this, and their reactivity is different. The body reacts in a different way because what it can't do very easily is dissolve those particles, so you get this kind of frustrated inflammation which sometimes is worse, and sometimes is better, it depends on the patient, and the particle, and the size. Most noticeably, that's been observed in knees, I think.
Alan Sturt
What about ceramics?
Mary Ryan
Ceramics less, because they're harder. There's less wear in ceramics. Polymers are not the worst for volumetric wear, they are the worst for number of particles by a long way, and that's the issue, and they're small and they're reactive. But if you look at the tests, what the tests do is just say how much wear is there, and ceramics are good but they have their own problems.
Question 7
Richard Thiessen
At what point do we have to ask ourselves, are size effects affecting the outcomes of these experiments? Even the simplest consideration of surface to volume, can we get any closer or ..
. (interrupted)
Mary Ryan
It's almost the catch 22. We want to go smaller and smaller to understand the mechanisms, but at some point do you then change that mechanism? And I think that really it comes back to us having a hypothesis that we're trying to test, and it might well be that in the real system it is a nanoscale effect, that the crack tip has got this nanoscale morphology that changes something and is changing in a way that we're not thinking about. So, if you don't test at that length scale, you'll never see it. I think you're right that it's a concern, but I think we have to then try and factor in what those mechanistic changes might be and how we interpret those data in the context of the bulk, which is why I think this extreme of length scales that we've been talking about is kind of missing. We need to have some correlation across those length scales, from one to the other, how those mechanisms build up. I think it's a necessary risk actually, we have to be aware of it that it might change.
Atomic-level characterization in corrosion studies 
Philippe Marcus
No, we have not done that. At the moment, we are looking at organic molecules for corrosion inhibition and there, we are now doing some ESTM measurements. But yes, it can be done.
Pedro Rivera
Something similar that we did, but not quite like this, was to use atomic force microscopy to sequentially remove tribolayers and relate the layer formation to the underlying microstructure in lubricated systems that underwent slip. But this would add the great advantage of understanding where the lubricant molecules actually absorb and how slip could influence the rate of absorption. This is very powerful, I think.
Question 2
Adrian Sutton
When we think about corrosion in aqueous environments, the ions that have got to be incorporated into the surface start out in a solvated state.
Have you thought about how you strip away those water molecules around those chlorine ions before they get incorporated?
Philippe Marcus
No, this is a high-resolution technique, it has very high spatial resolution but no time resolution, so I don't think that this type of dehydration can be captured by these techniques. 
Adrian Sutton
And what about the DFT [density functional theory] studies, it must be an important step in that as well?
Philippe Marcus
Well, yes, this is actually an early stage of DFT, where the real environment was not included. There are now a lot of works trying to include water ions and the electric field, but this is a slowly growing field because it's hard.
Question 3
Mike Finnis I was interested by your band gap measurement and finding that the band gap seems to be wider where the grain boundary emerges at the surface, and I think that these band gaps are really important because of electrical conductivity, for one thing. I wondered, well that seems counter-intuitive at first because we expect band gaps to be narrower at grain boundaries because of defect states and so on.
Philippe Marcus
Yes, I have had this question before. I don't have a final answer to that. This is a surface band gap that we are measuring, and what you are saying is what is usually considered for the bulk band gap, but we don't know yet exactly why we have this effect.
Question 4
Afrooz Barnoush You showed this spectroscopy with the ESTM, but you also have the possibility to control the electrochemistry. So, going back to hydrogen, I wonder, do you see any possibility to go to the hydrogen charging condition, and then try to see the effect of hydrogen on all those electronic bands, electronic structures?
Philippe Marcus
In principle, yes, we can polarize, actually we have done a few experiments in this direction because when you want to start with a clean surface, what you normally do is polarize, cathodically, the surface to remove the oxide. The difficulty there is, at least on the metals we have been looking at, we could not reduce the oxide in most cases under realistic conditions. So, on many surfaces, there will always be an oxide at the surface. Maybe locally the oxide can be removed and that's of course where the hydrogen can react with the metal surface. But with ESTM, you have to have a surface large enough and well controlled enough, and so far, for these reactive metals, it's not been possible to look at hydrogen in metal surfaces under this cathodic range. It can be done, and has been done, on noble metals.
Question 5
Mick Brown
Looking at your beautiful pictures of interfaces, and surfaces, and looking at the non-stoichiometry you have there, in one case an excess of oxygen vacancies, I wonder if this is part of a charged double layer at the surface of materials with strong ionic binding, due to the difference in the formation energy between the anions and the cations to produce a double layer, I wonder to what extent in your observations you might see this? It would not be revealed in any DFT calculation unless some sort of thermodynamic element were present. I'm referring to range in the crystal, it would be frozen, and something you could see. 
Question 6
Helmuth Sarmiento Klapper Have you conducted measurements on engineering alloys, perhaps stainless steels, and have you seen a correlation between these grain boundaries from the passive layer and grain boundaries from the microstructure, so we can learn whether microstructural particularities will affect those grain boundaries of the passive layer and initiate or be preferential sites for localized corrosion?
Philippe Marcus
We have studied that in detail. When we discovered pitting initiates at the oxide boundaries on pure metal, the next question was would it be the same on an alloy, and we did exactly what you are asking about, we looked at stainless steel. There, we found that there is another effect than just the boundaries between the oxide, published recently. When you oxidize the stainless steel, we found out that even if you start with a single crystal of stainless steel, then the oxidation process itself is causing lateral heterogeneity in the amount of oxide. So the process, we believe, is first you oxidize the step edges, because of the low coordination of atoms at the step edge, so you nucleate the chromium at the step edge, and then the chromium from the terrace will diffuse to the step edge to conglomerate and grow the oxide. So there will be a depletion of chromium at the terraces, and that's done even in air. So you end up with a surface that has, not only oxide grains, but has regions that have more chromium than others, and then this becomes the main feature triggering the localized corrosion. So, it's not so much just the boundary between the oxides, but it's the fact that you have areas with lower chromium content, and this is an inherent process to the oxidation. To summarize, there will be two specific locations for initiation of localized corrosion-one will be the grain boundaries if you have grains of oxides of the same composition, but if you have lateral heterogeneities in composition of the oxide, this will become the most important parameter.
Question 7
Mary Ryan I just have one historical comment. I think you mentioned Faraday. The very first papers on passivity were written by Faraday. There's a beautiful paper from 1836 in Phil. Mag. where they talk about the skin on iron as being something unusual, so it's very topical. Also, I want to be devil's advocate, somebody should be from the pitting side. Largely in real systems, pits happen at defects, not the passive film. Work that I was involved with showed that if you take a sputtered film of ironchromium that is completely defect free, you can't pit it. So, I guess it's that link between what the passive film is doing and what defects in real systems are doing, and how those two things correlate. 
Philippe Marcus
The answer to this question is, first, if you go back 20 or 30 years ago, stainless steels contained a lot of sulfides. And of course, if you have sulfide particles that are something like a micrometre in size, that's where corrosion will start. This is very well known, well established. Also, the early stages are still a little bit debated. But, nowadays, the industry is able to produce extremely clean stainless steels with almost no sulfide inclusions, and there is still pitting. We looked at that, and, indeed, you can initiate pits at very clean surfaces. The future is that, in many materials, they will become cleaner and cleaner so that the size of defects that will cause localized corrosion will become smaller and smaller. There will of course be fewer sites, but there will still be sites. So, this will address good stainless steels, not bad stainless steels.
Mary Ryan
So there are some arguments proposing a critical size of defect that you need, to be able to establish local chemistry [1] . 
Question 1
Salim Brahimi
In your investigation, I think your methodology, which was what was different about this case because you used the material all over and they're not failing all the time, you focused very clearly on the microstructure and the potential microstructural effects. So, you've identified some differences, and so now the scientific challenge is to try and explain, microstructurally, how those differences in the precipitates and the grain boundaries would affect hydrogen transport, trapping and essentially susceptibility. From an engineering perspective though, you did point out that these standards' requirements are based on hardness alone, and not on the microstructure because it's a difficult thing to specify in a standard. And that is the challenge, to define the requirements, not just ensuring that you have a supplier that's supplying good product, but a standard that is going to specify different mechanical and metallurgical criteria that are easier or practicable. And so where do you see that going in terms of defining better standards and better supplier quality assurance?
Helmuth Sarmiento Klapper You are absolutely right. From the oil and gas industry perspective, I can comment that API [American Petroleum Institute] have started some initiatives for introducing requirements in their standards for microstructure; however, the application of a body of requirements just based on microstructure is, from the quality perspective, almost impossible right now. So, this is probably the reason why we will continue following on hardness. And I'm not saying hardness is not the parameter to look at, I'm sure there are materials that can be assessed, in terms of susceptibility to environmentally assisted cracking, by hardness. What I'm pointing out is that for nickel alloys, particularly for alloy 718, there is a mismatch between what hardness is telling you in terms of susceptibility. So as previously mentioned, API is working on that, but I will imagine it will take a very long time before we see requirements purely based on microstructure. Probably there are more options like toughness that might help to find a midpoint.
Question 2
Tony Horner I'm just wondering whether there are any synergies with the nuclear industry here. In the nuclear industry, we use high-strength nickel alloys such as X-750 and weld alloys, alloy 82 and 182, for example. Those materials have been shown, in the laboratory at least, not necessarily in service, to be susceptible to a phenomenon known as low-temperature crack propagation. This is a cracking mechanism which requires a preexisting sharp defect or crack-like feature, which can subsequently lead to rapid crack growth due to elevated levels of hydrogen at temperatures less than approximately 150 degrees centigrade in good quality primary coolant. Effectively, you lose the fracture strength of the material due to a hydrogen embrittlement mechanism. So, I was just wondering if this is similar to what you're seeing here? For example, if you're in the oil field at higher temperatures, you may not see that sort of hydrogen-driven mechanism but when you come down to cooler temperatures, it starts to crack?
Helmuth Sarmiento Klapper The operational condition those alloys are exposed to during service, and perhaps it was not clear in the table, but there was this failure in the North Sea, in a seawater injection well, typical operating temperature of 4 degrees Celsius. But there was also this failure in the Gulf of Mexico in a HPHT [high pressure, high temperature] well. So, it looks like the conditions you have in operational conditions tend to be different from what we have. Not only because of the charging process but the strain conditions could be also an aspect affecting the performance of the alloy. We might think about engineering nickel alloys for being more resistant to hydrogen embrittlement, but right now, for these applications, when we have even elemental sulfur involved, there is no alternative.
